We developed a marker rescue system for study of competence development and genetic transformation in Streptococcus mutans. The system involved the recombinational rescue of a tetracycline resistance (Tcr) determinant by a homologous, inactive locus (Tcs because of a small deletion). Streptococcal cells harboring this in vitro-prepared Tcs construct (pVA1208) were restored to Tcr when plasmid (pVA981) DNA was used as donor material. pVA981 contained the intact streptococcal Tcr locus and was unable to autonomously replicate in streptococci. Marker rescue with this system followed first-order kinetics and occurred at a frequency 8-or 160-fold higher than did transformation with homologous chromosomal or plasmid DNA, respectively. By using the rescue system, we were able to confirm that competence of S. mutans appeared to be inducible. This was indicated by a sequential increase and then decrease in Tcr transformation frequencies during growth in complex medium. Also, donor DNA binding was not sequence specific, since the recovery of Tcr transformants was reduced by increasing the concentrations of heterologous DNA. We investigated the faFte of donor DNA and the kinetics of plasmid establishment in the transformation of S. mutans with plasmid DNA. Monomeric plasmid molecules transformed S. mutans as a second-order process, whereas multimeric plasmid DNA and chromosomal markers were recovered as a first-order process. Approximately 50% of the initially bound donor plasmid DNA was found to remain in a trichloroacetic acid-insoluble form. Our results suggested that
molecular cloning in S. mutans would be conducted most efficiently by using helper plasmid systems or shuttle vectors and that gene transfer by transformation of S. mutans occurred in a manner similar to that observed in Streptococcus sanguis.
Streptococcus mutans is of particular interest to the oral microbiologist because it has been widely recognized as a primary cause of dental caries (9) . Studies pertaining to virulence determinants in S. mutans have been hampered until recently by the lack of a reproducible method for the genetic transformation of chromosomal and plasmid markers (11, 24, 26) . In 1981, Perry and Kuramitsu (24) were able to demonstrate competence development in strains HS6, GS5, and MT557, which are members of Bratthall serotypes a, c, and f, respectively. However, transformation frequencies for chromosomal markers were extremely low when compared with Streptococcus sanguis. Perry et al. (26) were able to increase the transformation of S. mutans GS5 by varying both the growth medium and the size of the inoculum. Even under these new conditions, the efficiency of marker recovery was well below that observed for S. sanguis (13) .
S. sanguis is a member of a small group of gram-positive bacteria that are naturally transformable (31) . Competence in this organism appears to be inducible, as suggested by biological (13) and molecular (28) experiments. A lowmolecular-weight polypeptide is responsible for competence induction and has been termed the competence factor (CF) (14, 23) . Gram-positive transformable bacteria characteristically take up exogenous DNA from any source; therefore, they lack the requirement of the presence of a specific sequence on donor DNA for internalization (31) . During uptake, donor DNA enters the cell in a single-stranded form (27) . Accordingly, monomeric plasmid molecules require the independent entry of two complementary strands of DNA to effect the transformation of one recipient cell (15) . This latter characteristic restricts the use of "shotgun" cloning of * Corresponding author. chromosomal DNA in S. sanguis (16, 17, 20) and necessitates the adaptation of helper plasmid cloning strategy in this system (7, 33) . Comparable information for S. mutans is missing, partly because of the relatively recent demonstration of competence development and partly because of the low frequency with which transformant cells are recovered.
We constructed a plasmid marker rescue system which significantly elevated the low transformation frequency normally obtained with S. mutans. The system was based on the helper cloning strategy in which resident plasmid DNA rescues incoming donor sequences because of intermolecular homology. In our system, the donor marker must have been rescued to have conferred the Tcr phenotype on recipient cells, since it did not contain a streptococcal origin of replication. The use of this system allowed us to more accurately characterize competence and the molecular events which accompanied transformation in S. mutans. In this report, we confirm that competence of S. mutans appeared to be inducible and that donor DNA binding did not require the presence of a specific sequence. Moreover, incoming DNA was converted to a single-stranded form during the early stages of the transformation event. Accordingly, monomeric plasmid DNA transformed S. mutans with second-order kinetics. However, transformation by multimeric plasmid molecules, chromosomal DNA, and the marker rescue system occurred as a first-order process.
MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains used or constructed in this study are listed in Table 1 . Streptococcal strains were routinely cultivated in brain heart infusion broth (BHI; Difco Laboratories, Detroit, Mich.) or Todd-Hewitt broth (Difco). Escherichia coli was grown in L broth (22) . When solid media was required, 1.5% agar (Difco) was added to the above media. Antibiotic resistance phenotypes were selected by adding erythromycin or tetracycline to precooled (55°C) media to make a final concentration of 10 ,ug/ml before dispensing into petri plates. Streptomycin-BHI plates were prepared in a similar manner, except that the final concentration of antibiotic was 400 ,ug/ml. Genetic transformation, S. sanguis was transformed by the method of Lawson and Gooder (13) . S. mutans was transformed by using a modification of the procedure of Perry et al. (26) . Specifically, S. mutans strains were grown overnight anaerobically in Todd-Hewitt broth containing 10% heatinactivated horse serum (THBHS). The overnight culture was diluted 1:40 into similar media that had been warmed to 37°C, and the culture then was grown aerobically at 37°C without shaking. The time of maximum genetic competence for each strain was determined (see the Results section). When the culture reached maximal transformability, a 0.33-ml sample was removed and added to the donor DNA in TE buffer (0.1 M Tris, 0.001 M EDTA [pH 7.8]; volume . 0.1 ml). Cell viability was determined at the time of donor DNA addition, and the mixture of competent S. mutans plus DNA was incubated for 1 h before it was appropriately diluted and plated on selective media. Transformation frequencies were recorded as transformants per recipient at the time that the DNA was added. When DNase I (Sigma Chemical Co., St. Louis, Mo.) was used to terminate DNA uptake, the enzyme was dissolved in lOx reaction buffer (0.5 M Tris, 0.1 M MgCl2, 40% glycerol [pH 7.2]) to make a concentration of 100 ,ug/ml and added to the competent cell-DNA mixture to give a final concentration of 10 ,ug/ml. Isolation of plasmid DNA. Cleared cell lysates of strepto-cocci (18) or of E. coli (4) were prepared as previously described. Covalently closed circular plasmid DNA was isolated from cleared lysates as previously described (16) . Streptococcal mini-lysate plasmid DNA was obtained by using a modification of a procedure that has been previously described (21) . Briefly, a 5-ml overnight culture was diluted with 2 volumes of fresh BHI at 37°C and incubated for 1 h. Solid glycine (5%) was then added, and this mixture was allowed to incubate for 2 h at 37°C. Cells then were lysed as described above. All broth media contained 20 MM DLthreonine as described by Chassy (3) .
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3H-labeled pVA838 was prepared as follows. M9 (22) salts medium (containing 25 ,ug of chloramphenicol per ml) supplemented with 250 jig of deoxyadenosine per ml (2), 1.0% Casamino Acids (Difco), 0.3% yeast extract (Difco), and 1% glucose was inoculated with a 5% (vol/vol) overnight culture of strain V838 and allowed to incubate with aeration until an optical density at 660 nm of 0.32 was attained. At this time, spectinomycin was added to the culture at a final concentration of 350 ,ug/ml. After 2 h of further incubation, 30 ,uCi of [methyl-3H]thymidine per ml (New England Nuclear Corp., Boston, Mass.; 20 [Ci/mM) was added to the culture and allowed to incubate with the cells overnight. The cells were harvested and lysed, and the lysates were subjected to cesium chloride-ethidium bromide plasmid purification as described above.
pVA1208 construction and DNA enzymology. HpaII partial digestion of pVA982 and agarose gel electrophoresis were carried out by using the procedures outlined by Maniatis et al. (22) . Briefly, pVA982 was digested for 30 min at 37°C in low-salt buffer with various concentrations of HpaII. The reactions were terminated by the addition of 0.2 volume of bromphenol blue-sodium dodecyl sulfate tracking dye (22) and analyzed by electrophoresis in 0.7% agarose. Fragment size was determined by comparison to the 1-kilobase (kb) ladder (Bethesda Research Laboratories, Inc., Gaithersburg, Md.) molecular size standards. The restriction enzyme concentration that yielded the largest proportion of plasmid DNA fragments in the 10-kb range was chosen to digest pVA982 under the same conditions. The reaction was terminated by phenol extraction followed by ethanol precipitation. The precipitated fragments were suspended in 1x TE buffer and treated with T4 DNA ligase at room temperature overnight (Bethesda Research Laboratories) according to the specifications of the manufacturer. The ligation mixture was used as donor DNA to transform competent V288 to erythromycin resistance (Emr). After 48 h of incubation anaerobically, Emr colonies were screened for tetracycline resistance (Tcr). Plasmid DNA from tetracycline-sensitive (Tcs) clones was isolated and analyzed by restriction endonuclease mapping.
DNA solubilization assay. 3H-labeled pVA838 (0.1 ml; 5.6 x 105 cpm at ca. 63,000 cpm/,ug) was added to 0.4 ml of competent S. mutans and was allowed to bind to the cells for 2 min. DNase I then was added to make a final concentration of 10 ,ug/ml, and incubation at 37°C continued for 1 min. A SO-,u sample was removed and spotted onto a Whatman GF/A glass fiber filter (2.4 cm) and immediately immersed in 200 ml of 10% ice-cold trichloroacetic acid. After 5 min, this step was repeated in another trichloroacetic acid bath followed by two sequential 5-min washes in 200 ml of ice-cold 95% ethanol. This initial sample was regarded as 100% acid insoluble; i.e., as total DNA bound in an acid-insoluble form. Identical samples were removed at various times after DNase I treatment and similarly processed. The filters were allowed to dry and then were immersed in 6 ml of OCS VOL. 166, 1986 LINDLER AND MACRINA heo I FIG. 1. Circular maps of pVA982 and pVA981. -Izi, HpaII deletion of the streptococcal replicon, pVA982, which resulted in the Tcs construct pVA1208. _, Sequences on E. coli replicon pVA981 cloned from the S. mutans chromosome; -, pBR325 vector DNA (32) .
Regions which confer Emr and Tcr on cells harboring these replicons are shown as thin lines inside the circular maps. Numbers inside the maps are in kilobase pairs.
(Amersham Corp., Arlington Heights, Ill.) and assayed by using liquid scintillation spectrometry.
Preparation and assay of S. sanguis competence factor. Supernatants from competent S. sanguis cells were prepared by the procedure of Pakula and Walczak (23). S. sanguis was grown to maximum competence in BHI containing 10% heat-inactivated horse serum. A sample was removed for competence testing by transformation using pVA981 as control, and the remaining culture was chilled immediately on ice. After 15 min, the cells were harvested by centrifugation. The supernatant fluid was decanted and filter sterilized. Sterility was tested by plating 0.1 ml on BHI followed by incubation for 48 h anaerobically. The sterile supernatant fluid was divided into 0.5-ml fractions and was frozen immediately at -20°C until ready for use. Control supernatants were prepared similarly from S. sanguis cultures, except that no horse serum was added to the BHI.
The assay of CF activity was conducted as follows. Streptococcal cultures were treated as described above for transformation, except that no horse serum was present in either the BHI or the Todd-Hewitt broth. The culture was incubated at 37°C aerobically without shaking until 30 min before maximum competence would normally be developed in complex medium with horse serum. At this time, two 0.5-ml samples were removed. One sample was added to 0.5 ml of sterile CF preparation, and the other sample was added to 0.5 ml of control supernatant. The mixture was incubated for 30 min (37°C), and then samples were removed for pVA981 addition as well as viability determination according to the transformation procedures described above. The cells were incubated with DNA for 1 h before dilution and selection of Tcr recombinants.
Determination of percent competent cells in S. mutans cultures. A 0.9-ml sample of maximally competent S. mutans V1221 cells was added to pVA981 so that the final concentration of donor DNA was 5 pLg/ml. Competent cells were incubated with donor pVA981 for 15 min, and then DNase I was added to terminate the donor DNA uptake. The sample was incubated for another 10 min and was placed immediately on ice. A 0.1-ml sample was removed for dilution and determination of CFU per milliliter before sonication. The remaining sample was sonicated for 15 s with a Biosonik III (Bronwill Scientific Inc., Rochester, N.Y.) with the microtip on the maximum setting. Samples were removed for dilution and plating on selective (for tetracycline) and nonselective media. The amount of disruption of chain length was determined by observation with a phase microscope.
RESULTS Construction and testing of the plasmid Tcr marker rescue system. Since the marker rescue system was based on plasmids previously constructed in our laboratory (32), a brief description of their origin follows. pVA920 was generated in vivo by intermolecular recombination between pVA736 (Emr) and pVA870 (Tcr). The Tcr determinant on streptococcal replicon pVA870 was cloned from the chromosome of an S. mutans clinical isolate (33) . The new construct, designated pVA920, confers Emr and Tcr on streptococcal cells harboring this replicon. Tobian et al. (32) localized the Tcr determinant to an approximately 2.8-kb fragment by constructing partial deletions of pVA920 in vitro. One of these deletion derivatives, generated by partial MboI cleavage and religation of pVA920, retained the ability to confer Tcr on streptococcal hosts and was designated pVA982.
To construct a Tcs derivative of pVA982 ( Fig. 1 ), plasmid DNA was partially digested with HpaII, self-ligated, and used to transform S. sanguis V288 to Emr. Approximately 100 colonies were tested to determine whether the Tcr phenotype had been lost. Of those tested, 18 were found to be Tcr, and their plasmids were analyzed by Hindlll digestion of mini-lysate DNA. One of these Tcs constructs, designated pVA1208, contained two HindIII recognition sites (data not shown) which were present on the parent plasmid ( Fig. 1 ). pVA1208 also lacked a ClaI restriction site within the deleted HpaII fragment; however, it did contain an 8.1-kb junction fragment. When the new construct was digested with HpaII and compared with identically treated pVA982, both plasmids contained a fragment of approximately 1 kb. The presence of this small fragment as well as the Hindlll and ClaI digestion patterns confirmed the deletion shown in Fig. 1 . pVA981 (Fig. 1) is an E. coli replicon that contains the intact S. mutans Tcr determinant cloned from pVA920 onto the replication origin of pBR325 (32) . The Tcr determinant of streptococcal origin is expressed in E. coli (32) ; however, the drug resistance markers present on the vector plasmid (pBR325) were inactivated or lost during the construction of pVA981. This plasmid contained areas of homology that flanked both sides of the HpaII deletion that created pVA1208 (Fig. 2) . Strand exchange involving areas I and III (Fig. 2 ) from pVA981 donor DNA yielded Tcr transformants of streptococcal cells harboring the pVA1208 construct. We assumed that this marker rescue system would afford increased transformation efficiencies, since pVA1208 target sequences would be in relatively high copy compared with chromosomal loci. Also, the use of homogeneous pVA981 as donor DNA instead of heterogeneous chromosomal DNA should have caused an increase in the frequency of transformation, leading to a more accurate assessment of competence development in S. mutans.
To test this hypothesis, we transformed S. mutans GS5 with various forms of donor DNA ( Table 2 ). When pVA981 was used to transform S. mutans V1221, an 8.4or 160-fold increase of transformation frequency was observed in comparison with chromosomal or plasmid markers, respectively ( Table 2 ). It was possible that the increased recovery of donor marker was caused in part by homology with the S. mutans chromosome, allowing integration as well as recombination with pVA1208. However, we could not detect any Tcr transformants (<10-v per recipient) when pVA981 was used as the donor material for any transformable S. mutans strains unless pVA1208 was present ( Table 2; data not shown). The digestion of pVA981 with HinclI before use as donor DNA in marker rescue experiments had little effect on transformation frequency (Table 2 ). In all subsequent experiments in which pVA981 was used, the plasmid was added to competent cells as uncleaved DNA.
Competence development in S. mutans. When S. mutans V1221 was prepared for transformation as described in the Materials and Methods section, competence was found to increase with respect to time of incubation of the culture (Fig. 3 ). Samples were removed initially and after various periods of incubation to determine CFU per milliliter. DNA uptake was terminated after 10 min of exposure, and incubation continued for 1 h before the selection of Tcr recombinants. Competence was greatest during mid-log-phase growth, yielding a transformation frequency of 10-3 after 2 to 4 h of growth. We found the same results when S. mutans V1318 (serotype c) and V1324 (serotype a) were treated identically. However, S. mutans V1322 (serotype f) developed maximum competence in early-log-phase growth after only 2 h of incubation (data not shown).
To determine the percentage of competent cells in S. Samples were removed at the times indicated. pVA981 was added to make a final concentration of 1 ,ug/ml. After 10 min of incubation, donor DNA uptake was terminated by adding 10 ,ug of DNase I per ml. The sample was then incubated for a total of 60 min before the selection of Tcr transformants. CFU per milliliter was determined at the time of donor DNA addition. Symbols: *, transformation frequency; *, CFU per milliliter. mutans cultures, we took advantage of the marker rescue system. We knew that Tcr marker uptake was complete after 15 min of exposure to pVA981 (see Fig. 5 ). We also found that Tcr transformants could be selected after 10 min of incubation following termination of donor uptake without affecting the transformation frequency (data not shown). Accordingly, maximally competent (3-h culture; Fig. 3 ) S. mutans V1221 was transformed by using 5 pug of pVA981 per ml for 15 min before addition of DNase I. The sample was sonicated as described in the Materials and Methods section. After sonication, streptococcal chains were disrupted to mostly diplococci, with an occasional chain less than five cells long. The 15-s sonication did not reduce cell viability. This procedure differed from the normal transformation experiment in that the viable count was determined at the time of selection of Tcr colonies and not at the time when DNA was added to competent cells. Also, total incubation after exposure to pVA981 was only 25 min before selection for recombinants instead of the usual 1 h. By using this regimen, we found that 0.2 to 0.3% of the S. mutans V1221 cells in the culture were competent.
Since S. sanguis and S. mutans occupy the same ecological niche in the oral cavity, we were interested in determining whether CF from S. sanguis induced genetic competence in S. mutans. CF from S. sanguis was prepared as described in the Materials and Methods section. When an equal volume of CF was added to S. sanguis V1208, a 28to 90-fold increase was observed in Tcr transformant recovery when compared to transformant recovery after the addition of supernatants prepared identically from noncompetent cultures (data not shown). When S. mutans V1221 and S. mutans V1318 were treated similarly, no increase in Tcr transformant recovery was observed. When we attempted to determine whether S. mutans GS5 and V403 produced CF by a similar procedure, we could not detect any increase in transformability compared with that in control culture supernatants when we used the marker rescue system. Kinetics of transformant recovery by using various forms of donor DNA. Studies in S. sanguis have shown that marker rescue and markers present on multimeric plasmid molecules yield first-order kinetics; however, monomeric plasmid DNA transforms cells yielding second-order kinetics (15, 33) . When S. mutans V1221 was transformed with various concentrations of pVA981, Tcr recombinants were recovered as a first-order process (data not shown). We found that pVA981 concentrations above 0.1 ,ug/ml resulted in log-log plots of transformants per milliliter versus DNA concentration that began to deviate from a linear relationship; i.e., that were nearing saturation. Transformation of plasmidless S. mutans GS5 with chromosomal markers or markers carried by multimeric forms of plasmid DNA (as part of closed circular DNA preparations; 15) also demonstrated first-order kinetics. On the other hand, monomeric plasmids demonstrated a dose-response relationship resembling a secondorder process. These results provided evidence of a mechanism for donor DNA processing in S. mutans that is similar to the one operating in S. sanguis (1, 15, 33) .
Solubilization of bound plasmid donor DNA by S. mutans GS5. One of the basic characteristics of gram-positive natural transformation is the conversion of donor DNA from double-stranded to single-stranded form before or during uptake (31) . To determine whether this was also true in S. mutans, we added 3H-labeled pVA838 (560,000 cpm) to competent cells and allowed it to bind for 2 min followed by treatment with DNase I for 1 min. A sample was removed immediately, deposited on a GF/A filter, and processed as described in the Materials and Methods section. This sample was designated the total input counts per minute, and all further samples were compared to it. The results are shown in Fig. 4 for S. mutans GS5. Strains HS6 and MT557 yielded similar results when assayed by this method (data not shown). Solubilization of donor plasmid was rapid within the first 10 min and gradually slowed until after 30 min, when 51 + 5% of the donor material was found in an acid-insoluble state. In control experiments, S. sanguis V288 yielded similar results when assayed by this method (data not shown). These observations confirmed the findings of Raina and Ravin (27) , which were obtained by using S. sanguis and a [3H]DNA solubilization assay system.
Rate of donor DNA uptake by competent S. mutans cells. Because we wanted to compare S. mutans and S. sanguis transformation, we used the marker rescue system to examine the rate of donor uptake. pVA981 was added to competent cells, and DNA uptake was terminated after different periods of time by adding pancreatic DNase I. The cells were further incubated for a total of 1 h after DNA addition before the selection of Tcr transformants. V1208 and V1221 expressed Tcr at about the same rate (Fig. 5 ). The 20-min time point was taken as the maximum since it has been shown that S. sanguis (27) and S. mutans (24, 25; H. H. Murchison, J. F. Barrett, G. A. Cardineau, and R. Curtiss, personal communication) donor marker recovery is complete within that period. Donor uptake was 80 to 90% complete in 10 Appearance of Tcr transformants S. mutans GS5 (0) and S. sanguis (L) as a function of time when using the marker rescue system. pVA981 (final concentration, 1 p.g/ml) was added to competent cells, and the mixture was incubated for the times indicated. Donor uptake was then terminated by the addition of 10 ,g of DNase I per ml. Each sample was incubated for a total of 1 h before the selection of Tcr transformants. The number of transformants obtained at 20 min was defined as 100%. The maximum numbers of transformants for S. sanguis and S. mutans were 3.9 x 106 and 2.1 x 105/ml, respectively. Competition of B. fragilis DNA with pVA981 for the rescue of Tcr in S. mutans V1221. Various amounts of competing DNA were added to pVA981 (final concentration, 0.05 ,ug/ml) and added to competent cells. The mixture was incubated for 1 h and then was selected for Tcr transformants. Controls in which Bacteroides sp. DNA was added alone did not yield any Tcr recombinants. ered from S. mutans V1221 reflected a smaller population of competent cells within the culture compared with that of S. sanguis (see above). We found that the recovery of Tcr recombinants from maximally competent S. mutans V1318 (serotype c) and S. mutans V1324 (serotype a) closely paralleled that of V1221 (serotype c); however, S. mutans V1322 (serotype f) internalized donor marker at a higher initial rate than did other S. mutans or S. sanguis (data not shown).
Non-sequence-specific DNA uptake by S. mutans GS5. To determine whether S. mutans required a specific sequence on donor DNA for binding, we mixed a constant amount of pVA981 with various amounts of nontransforming Bacteroides fragilis chromosomal DNA. As the concentration of competing DNA increased, the number of V1221 Tcr transformants decreased (Fig. 6 ). The total reduction in transformants per milliliter at the highest concentration of competing DNA was 98%. Experiments with S. mutans V1322 (serotype f) and V1324 (serotype a) as recipients yielded similar results (data not shown).
DISCUSSION
We developed a marker rescue system to more closely study genetic competence in S. mutans. The high transformation frequency afforded by the use of homogeneous donor plasmid DNA and relatively high copy number of target sequences allowed us to more accurately investigate the parameters of competence in this organism. We have used the marker rescue system as well as other techniques to show that S. mutans should be included as a member of the VOL. 166, 1986 Io gram-positive naturally transformable bacteria. Marker rescue with this system occurred at equal frequency regardless of whether closed circular or cleaved pVA981 was used as donor DNA. For our purposes, the fact that closed circular instead of linearized pVA981 ( Table 2) was used as donor DNA has no bearing on the results, since our intent was to artificially raise the transformation frequency obtained with S. mutans. However, the use of closed circular plasmid DNA as donor material should yield a proportion of Tcr transformants that are due to Campbell-like recombination and give rise to duplicated target sequences. In more general terms, if the target sequences are not completely internal to the coding sequence of the gene of interest, the donor DNA can be rescued without inactivation of the target locus. This later point does have significant implications for investigators designing in vivo gene inactivation experiments by insertion duplication with in vitro-prepared constructs. If the in vitro-prepared plasmid contains either 5' or 3' gene sequences, homology-promoted integration into a nonmutant locus will yield one inactive and one wild-type locus. Furthermore, mutagenesis by additive transformation should be performed by using linearized donor constructs to ensure that target sequences are not duplicated.
S. mutans GS5 competence appears to be inducible; however, rigorous proof of inducibility requires the isolation of an S. mutans CF (see the Results section and below). S. mutans competence reaches its highest levels after 3 h of incubation under the conditions used in this study. These results thus are in agreement with those of Perry et al. (26) . However, by using the marker rescue system we found that all other transformable strains of S. mutans, including HS6, showed a similar rise and fall of competence to the curve shown in Fig. 3 for GS5 (data not shown). Early studies by Perry and Kuramitsu (24) found no peak in HS6 competence during log-phase growth. This discrepancy could be caused by the conditions used for competence development as well as by a lack of sensitivity in detecting transformants when using heterogeneous chromosomal DNA as donor material. Perry et al. (26) also found that S. mutans MT557 developed genetic competence more rapidly than did either S. mutans GS5 or HS6. We confirmed this finding by using the marker rescue system (data not shown).
Second-order kinetics of monomeric plasmid DNA and approximately 50% solubilization of donor plasmid (Fig. 4 ) provided evidence that exogenous DNA is internalized in a single-stranded form. Although Behnke (1) was able to show that competence development for chromosomal and plasmid DNA occurred simultaneously in S. sanguis, to our knowledge this is the first direct demonstration in an oral streptococcus that plasmid DNA is degraded to single-stranded molecules during the transformation process. Thus, it is likely that the transformation of S. mutans by markers carried on plasmid DNA occurs by the models proposed by Saunders and Guild (30) DNA binding by S. mutans is not sequence specific, as is true of S. pneumoniae (29, 31) . This latter characteristic could have a profound effect on the amount of heterospecific genetic material that is available to S. mutans from other oral streptococci in dental plaque. Perry and Kuramitsu (24) have demonstrated reciprocal transformation of S. sanguis and S. mutans in vitro. These workers also were able to achieve interserotypic transformation between S. mutans serogroups a, c, and f. Westergren and Emilson (35) found that S. sanguis could be transformed to Smr by chromosomal DNA from a variety of oral streptococci, including S. mutans. Kuramitsu and Trapa (12) were able to demonstrate transformation of S. sanguis and Streptococcus milleri with markers from S. mutans GS5 when grown in mixed culture. However, reciprocal marker exchange was not detected. The lack of transformation of S. mutans with markers donated by other oral streptococci may have been caused by the low percentage of competent cells. To further investigate the possibility of gene transfer by transformation, we tested the possibility that S. sanguis CF might activate S. mutans genetic competence. We could not detect any increase in transformation of S. mutans when treated with CF-active supernatants from S. sanguis. This is not surprising, since Gaustad (5) has found that CF from certain strains of S. sanguis are specific in their action on other strains of the same species. Taken together, these observations suggest that interspecific gene flow among oral streptococci is possible via transformation. However, the clinical implications of transformational genetic exchange among oral streptococci remain an open question.
We were unsuccessful in demonstrating a CF which was specific for S. mutans V403 or V1221. However, there have been observations of CF activity in supernatants of competent S. mutans GS5 cultures (Murchison et al., personal communication). Our inability to isolate CF may have been caused by a low level of expression, as was suggested by the low proportion of competent cells in S. mutans V1221 cultures (0.2 to 0.3%). Alternatively, CF may be rapidly inactivated by enzymatic means, as has been demonstrated in S. sanguis (6) . In this case, the low number of competent S. mutans cells, compared with the number of competent S. sanguis cells, could have been caused by a basic difference in the levels of gene expression between CF and CF inactivator, as was suggested by the early work of Tomasz (34) with S. pneumoniae. In any event, the rigorous proof of an S. mutans CF remains to be shown.
Donor DNA uptake in S. mutans closely parallels that of S. sanguis, as we have shown biochemically and biologically. By using differentially labeled donor and recipient DNA, Raina and Ravin (27) were able to show that within 5 min, approximately 50 to 55% of the bound donor DNA was associated with chromosomal fractions in neutral sucrose density gradients. Our experiments demonstrated that 40 to 50% of the maximum number of Tcr transformants were recovered within the same time period when the marker rescue system in S. mutans was used. Also, donor solubilization appeared to be approximately 50% complete at this time. Therefore, it would appear that S. mutans and S. sanguis internalized and integrated donor DNA at about the same rate. Furthermore, DNA uptake by competent S. mutans was complete within 10 to 15 min. This is in agreement with the recent findings of Perry et al. (25) This work has increased our knowledge of the nature of S. mutans competence development and transformation. From an applied point of view, the degradation of double-stranded donor DNA to single strands should encourage researchers to use marker rescue or shuttle plasmid vectors for experiments involving molecular cloning. From the basic science aspect, the inclusion of S. mutans with Bacillus subtilis, S. pneumoniae, and S. sanguis as a gram-positive, naturally transformable bacterium (31) has added to the number of procaryotic organisms which undergo differentiation during growth. The close proximity of S. sanguis and S. mutans in the oral cavity may indicate a common evolution of genes involved with transformation of these organisms. Studies are under way in our laboratory to investigate this possibility.
